No adequate investigation into the biosynthetic pathways of hydrocarbons was reported until the tracer experiment by Sanderman and Schweers (11) , who showed "4C-acetate incorporation into n-heptane of Pinus jeffreyi. The nheptane was the result of a condensation of four acetate units, with an apparent decarboxylation. Since this report, there have been attempts to understand the biosynthesis of aliphatic hydrocarbons through 'IC-acetate and "4C-glucose incorporation into the long-chain paraffins of beeswax (10) , and "4C-acetate incorporation into the paraffin, nonacosane, of surface wax of cabbage leaves, Brassica oleracea (6) . In the case of B. oleracea, Kolattukudy has shown that fatty acids act as precursors for long-chain hydrocarbons (7) . Fatty acids with chain lengths of C14, C16, and C18 were presumably elongated to longchain fatty acids with subsequent decarboxylation.
Investigations of similar nature in microorganisms are completely lacking. Although there are only scattered reports on the intracellular hydrocarbon content of bacteria (1, 9, 14) , the hydrocarbon and fatty acid content of one bacterium, Sarcina lutea, has been well investigated, and hydrocarbons have been reported to be present in large amounts (1, 2, 12, 13) . Therefore, this organism was chosen as the test organism for an initial investigation into the pathways of hydrocarbon biosynthesis in microorganisms.
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MATERJALS AND METHODS
Cultivation of cells in the presence of radioactively labeled compounds. The cultivation of S. lutea in Trypticase Soy Broth and a completely definec medium has been previously reported (12) . A 3-liter amount of Trypticase Soy Broth (BBL) containing 50 ,uc of palmitic acicl-1-14C (New England Nuclear Corp., Boston, Mass.) or 20 uc of soduim acetate-2-'4C (Calbiochem, Los Angeles, Calif.) was inoculated with 3 ml of a 12-hr-old culture of S. lutea and was incubated as previously described. Also inoculated was 3 liters of a completely defined medium containing 50 ,uc of palmitic acid-1-14C, palmitic acid-16-'4C (both from Volk Radiochemical Co., Burbank, Calif.), uniformly labeled L-leucine-'4C, or uniformly labeled L-isoleucine-14 C, or 30 /Ac of NaH-'4C03 (International Chemical and Nuclear Corp., City of Industry, Calif.). (For convenience, palmitic acid will be designated as palmitate in the remainder of the text.) The cultures were incubated at 25 C and continuously aerated. The effluent purge gas was passed through a sodium hydroxide trap to capture the carbon dioxide that was released. After 48 hr of growth, the cells were separated by centrifugation, washed twice with a 0.15 M saline, frozen, and then dried over P205 under vacuum.
All labeled compounds used in this study were found to be of high purity except for the palmnitatelabeled compounds, which showed trace amoLnts of impurities by radioactive ionization recording ( Fig.  1D and 2D ) and thin-layer chromatography (Fig. 6) ; however, the impurities were considered to be in amounts too small to be significant.
Extraction. The method used to extract and frac-349 TORNABENE AND OR6 tionate the hydrocarbons and fatty acids from the bacteria has been previously described (9) . The 1.5 g of dried cells was extracted with benzene-methanol (3:1). The extracts were fractionated on silica gel and alumina columns into the n-heptane (containing the hydrocarbons), the benzene, and the methanol (containing most of the lipids) fractions.
Gas chromatography-mass spectrometry. The fatty acids were liberated from the glycerides of the methanol fraction by alkaline hydrolysis, and the methyl esters of the fatty acids were prepared for gas chromatographic analysis as previously described (2) . The hydrocarbon and fatty acid methyl ester chromatograms were obtained on a stainless-steel column (91 meters by 0.076 cm, inner diameter) coated with Polysev (m-bis-m-(phenoxy-phenoxy)-phenoxy benzene; Applied Science Laboratory, Inc., State College, Pa.) at a nitrogen pressure of 700 g/cm2, on a column (155 meters by 0.076 cm, inner diameter) coated with Igepal CO-990 (nonyl phenoxy polyoxyethylene ethyl alcohol; General Aniline and Film Corp., New York, N.Y.) at a nitrogen pressure of 933 g/cm', and on a stainless-steel tubing (31 meters by 0.025 cm, inner diameter) coated with 10% Apiezon L (a high-temperature grease; Applied Science Laboratory, Inc.) with a nitrogen pressure of either 1,430 or 1,716 g/cm2. The following two instruments were used: an F & M 810 gas chromatograph equipped with a flame ionization detector and an LKB 9000 gas chromatograph-mass spectrometer. The identification of the hydrocarbons and fatty acids of S. lutea by combined gas chromatography-mass spectrometry has been previously presented (13) .
Measurement ofradioactivity. All samples, extracts, and fractions were plated on aluminum discs and counted with a thin end-window Geiger Muller counter equipped with a Nuclear-Chicago model 181A multiscaler.
Samples of all labeled and unlabeled samples analyzed by gas chromatography were also measured by a high-temperature radioactive ionization gas-flow system. The effluent gas stream from the chromatograph columns was passed directly into a 275-cc ion chamber in a Cary 5010 ion-chamber oven set at 300 C. The ion chamber was connected to a Cary 31 vibrating Reed electrometer (Applied Physics Corp., Monrovia, Calif.). Argon was used as purging gas, and its flow was adjusted to a rate of 600 cc/min. The impulses were recorded on a 1-mv recorder (Texas Instruments Co., Houston, Tex.). The best sensitivity of the detection apparatus was approximated as 50% at a resistor setting of 1012 ohms.
Thin-layer chromatography. Glass plates were spread with Silica Gel G (Stahl) and heat-activated for 2 hr at 120 C. The plates were developed in unlined tanks by the ascending method. The solvents used were petroleum ether-diethyl ether-glacial acetic acid (90:10:1) and benzene-heptane (9:1). The components were observed by autoradiography on Anscononscreen X-ray film, and by spraying with dichromate-saturated sulfuric acid and charring. Components were identified by RF values and by elution of the spots and reanalysis by gas chromatography.
RESULTS
Distribution of radioactive label. A summary of the amount of 'IC incorporated and distributed into the different fractions of the cells is given in Tables 1 and 2 . It is of interest to observe that in the chemically defined medium the total incorporation of the different. precursors averaged about 90%, whereas in the Trypticase medium it was from 50% to about 70%. The incorporation into the benzene-methanol extractable fraction varied for different labeled compounds, from 81% for palmitate-16-'4C (defined medium) to 3.5% for palmitate-1-_4C (Trypticase). The corresponding values for acetate-2-'4C and the uniformly labeled leucines were intermediate (16 and 8%, respectively).
The distribution of radioactivity among the different lipid fractions is shown in Table 2 . The heptane fraction from the alumina column gave the percentages of radiolabeled hydrocarbons (pigments excluded) and the methanol fraction included as a major component the radiolabeled fatty acids. Both of these fractions showed substantial amounts of radioactivity. The pigment fraction (retained by the alumina column) showed also a very substantial incorporation of radioactivity, indeed, more than the hydrocarbon fraction as such, except in the case of isoleucine labeling. In contrast, the benzene fraction showed negligible radioactivity. Figures 1 to 6 show the radioactivity of the compounds which were formed from the different radioactive precursors. Figures 1 to 3 give the data corresponding to the fatty acids, Fig. 4 and 5 that corresponding to the hydrocarbons, and Fig. 6 is an autoradiogram of a thin-layer plate where other synthesized compounds with radiolabel can be seen in addition to the fatty acids (glycerides) and the hydrocarbons. "C label from different precursors (acetate-2-"4C, palmitate-J-'4C and -16-14C, and uniformly labeled leucine and isoleucine). For comparison, a summary of the amount of 14C incorporated and distributed into the methanol eluates (consisting mainly of fatty acid derivatives) is also shown in Table 2 .
Trypticase medium: acetate-2-14C and palmitate-1-14C ( ,uc of palmitate-1-54C was added to the Trypticase medium. It does not appear from the data that any significant amount of label from the palmitate-1-54-C added was incorporated into the fatty acids of S. lutea, with the possible exception of some traces which are seen before the large radioactive ionization peak for palmitic acid (peak 10).
As will be seen later (see the section on hydrocarbons), the palmitate-1_14C label goes into other components of the cell, e.g., hydrocarbons, glycerides, etc. Figure 1D is a radioactive ionization recording of a standard of the same palmitate-1-'4C which was used as a substrate, and Fig. 1E is a control run (unlabeled fatty acids through the radioactive ionization counter) to show that no artifacts were produced by the instrument.
Defined medium: palmitate-16-14C and palmitate-J-'4C (Fig. 2) . The fatty acid patterns from cells grown in a chemically defined medium to which '4C-labeled compounds were added are shown in Fig. 2 and 3 . In comparing Fig. 2A (Fig. 2B) , no signifcant amount of label was incorporated into the fatty acids of S. lutea under these conditions. Although Fig. 2C does not give an indication of any incorporation into other fatty acids of palmitate-1-"4C, an autoradiogram taken from a thin-layer plate analysis of the total methanol eluate (Fig. 6) shows that a definite chemical transformation has occurred, since radioactive hydrocarbons and many other compounds show up on the thinlayer plate. The palmitate-l-14C standard was also included on the plate (Fig. 6) , along with the extract of fatty acids from the total methanol and the methyl ester preparation. As previously stated, it was considered that the small amount of impurities in the palmitate samples could not significantly affect the results.
Defined medium: uniformly labeled L-isoleucine-4C and L-leucine-14C (Fig. 3) . The ionization recording of the samples of the fatty acids of S. lutea grown in the presence of uniformly labeled. isoleucine and leucine is given in Fig. 3B and 3C. Figure 3C shows that 14C label from leucine was incorporated into essentially all of the fatty acid components, particularly into the C15 group. A lack of resolution limited definite identification of the isomeric radioactive fatty acids; therefore, the ionization detection is indicated by the carbon numbers to which they correspond. When comparing the ionization recording of the fatty acid methyl ester from cells grown on "4C-isoleucine ( Fig. 3B ) with those grown on "4C-leucine (Fig.  3C) , it was considered that the shape of the C15 peak (Fig. 3B) indicated that only one component may contain the label detected (anteiso-15). Following along the lines that L-isoleucine stimulates the synthesis of the anteiso bacterial fatty acids (4, 8) , the component is thought to be the anteiso-C15 fatty acid. (It should be noted that, contrary to what the terminology would seem to suggest, the position of the methyl group in isoleucine is anteiso, not iso.) There was no indica- tion that other fatty acids synthesized from 14C-isoleucine contained 'IC label in more than traces. A control run (nonradioactive precursors) indicating absence of artifacts is also shown (Fig.  3D ). (7) palmitate-1-14C standard.
HYDROCARBONS TIME (MINUTES)
Hydrocarbons. The distribution of hydrocarbons in S. lutea and their mass spectrometric identification are presented in an accompanying paper (13) . The gas chromatograms and radioactive ionization recordings are shown in Fig. 4 and 5, for cells grown in Trypticase and synthetic media, respectively. The identities are listed in the legend of Fig. 4 . A summary of the amounts of 14C incorporated and distributed into the alumina eluates (hydrocarbons) is given in Table 2 .
Trypticase medium: acetate-2-14C and palmitate-1-14C (Fig. 4) . Figures 4B and 4C (Fig. 6 ) and a positive phenylhydrazine spot test which suggest that the benzene contained labeled ketones. This is in line with tracer studies in our laboratory with palmitate-1-14C in -plants (unpublished data) from which a ketone was identified by thin-layer chromatography, and characterized as a 15-nonacosanone by mass spectrometry.
The bacterial ketone in this benzene fraction was in small amounts and was not further characterized.
Defined medium: palmitate-16-14C, palmitate-l-14C, and uniformly labeled leucine 14C and isoleucine-'4C (Fig. 5) . The radioactive ionization detection of hydrocarbons isolated from cells grown with 50-ISc amounts of palmitate-16-14C, palmitate-1-'4C, and uniformly labeled L-iSoleucine-14C and L-leucine-14C (Fig. SB, SC , SD, and SE, respectively) in chemically defined.or synthetic medium shows that all the labeled substrates were metabolized and incorporated into the various hydrocarbon groups.
One of the diffculties in these studies was the lack of sensitivity and resolution of the radioactive ionization chamber so that an accurate activity recording for each of the hydrocarbon components could not be obtained. However, determination of the relative radioactivity of the various hydrocarbon groups is of interest. The palmitate-1-14C (Fig. 5C ) and uniformly labeled L-leucine-14C (Fig. 5E) showed relatively higher radioactivity in the lower-molecular-weight unsaturated hydrocarbons, namely the C23, tapering off as the molecular weights of the olefins increased. The results are in slight contrast to those obtained from cells grown on palmitate-l-14C and Trypticase Soy Broth, where there was a relative proportional comparison between the radioactive ionization and the gas chromatographic pattems (Fig. 4A and 4C) . The palmitate-16-14C (Fig. SB) and the uniformly labeled isoleucine-14C (Fig. SD) also showed a relatively uniform incorporation into each of the major hydrocarbon groups, giving a radioactive ionization recording that was proportional to the cor-'~~~~4 0 I. (Fig. 5A) . The benzene fraction from cells grown in the presence of palmitate-16-14C showed a relatively high percentage of 'IC incorporation (Table 2) . A positive phenylhydrazine color test and an RB value corresponding to the compound previously discussed on the autoradiogram (Fig. 6) (Fig. 6) . Preliminary investigations into the identification of the carotenoid have been previously reported (13) . An autoradiogram of the pigment formed with palmitate-1-14C as precursor in Trypticase medium is shown in Fig. 6 . The amount of 14C incorporated into the pigment eluted from the silica gel column in each of the experiments is shown in Table 2 . The values should be taken only as estimates, since they were obtained by taking the difference between the n-heptane eluate from the silica gel column and the n-heptane eluate from the alumina column. Regardless of the labeled substrate used in these studies, 14C was incorporated in the carotenoid fraction in all cases. Such results are not unexpected, since acetate and leucine have been shown many times to be easily transformed into the branched C5 units that form the isoprenoid skeleton of carotenoids [summarized in a review by Jensen (3) (4, 5, 8) . In accordance with these results, the radioactive ionization recordings of the hydrocarbons from cells grown in the presence of labeled isoleucine (Fig. 5D) show an increased intensity for those peaks or bands (C25 and C27) corresponding to the major anteiso hydrocarbons of the gas chromatographic pattern (Fig. SA) . If it is assumed that the fatty acid component shown in the ionization recording of Fig. 3B is the anteiso-Ci5, which appears most likely, then an increased intensity for the anteiso fatty acids is also observed when labeled isoleucine is used. Therefore, both the hydrocarbons and the fatty acids of S. lutea foRlow a biosynthetic pathway in which L-isoleucine (no doubt, together with other substrates) is involved in the formation of anteiso carbon chains. As indicated earlier, the 14C detection apparatus was not sufficiently sensitive and did not have the necessary resolving power to determine whether the minor anteiso fatty acid components also contained label (Fig. 3B) .
Uniformly labeled leucine-"4C and acetate-2-"4C. The radioactive ionization recordings for the fatty acids and hydrocarbons from cells grown in the presence of uniformly labled L-leucine-14C (Figs. 3C and 5E) and acetate-2-14C (Figs. 1B and 4B) show very similar patterns, which in turn are comparable to the usual gas chromatographic patterns. The only significant difference is that in the case of leucine the C27 hydrocarbon band (Fig. 5E ) was appreciably reduced in comparison with the corresponding band, or peaks, of the gas chromatogram (Fig. SA) , and of the hydrocarbons synthesized from acetate-2-14C (Fig. 4B) . This difference can in part be explained if one considers that the major component of the C27 band is in fact an anteiso olefin (peak 23, Fig. 5A ) and that the iso olefins are only minor components of this band. From this, the similarity of incorporation patterns between uniformly labeled L-leucine-14C and acetate-2-"4C suggests that these two precursors are incorporated by some common pathways (for instance, conversion of leucine to acetate), although certain of the pertinent reactions may be rate-limited or partially blocked for leucine. It should be noted that uniformly labeled L-isoleucine-14C, which can not be easily converted into acetate units, does not give rise to the formation of any significant amounts of fatty acids except the anteiso-C15.
Palmitate-1-"4C. As shown by the present data, no measurable amounts of fatty acids were formed from palmitate-1-"4C in either Trypticase or chemically defined medium (Fig. IC and 2C ). In contrast, small but significant amounts of hydrocarbons (0.43 and 0.19%, respectively) were formed from this substrate in these two media ( Fig. 4C and 5C ). This observation shows that, whereas the polar group of palmitate can probably be condensed with other substrates to form hydrocarbons, it cannot enter significantly into reactions leading to the formation of fatty acids. The better and more uniformly distributed incorporation into hydrocarbons observed in Trypticase Soy Broth, as compared with the defined medium, can be attributed to the fact that the former medium represents a more balanced and complete nutrient.
Very little can be said with regard to the size of the moiety of the polar end of palmitate which is incorporated into the hydrocarbons. However, comparing these results with those obtained with acetate-2-'4C, it can be said that the moiety incorporated into the hydrocarbons must have more than two carbon atoms. In fact, the incorporation pattern of palmitate-1_14C in the defined medium bears a marked resemblance to that obtained from uniformly labeled L-leucine-14C ( Fig. SC  and SE) . However, palmitate-1-"4C is not incorporated into fatty acids as is uniformly labeled L-leucine.
Palmitate-16-14C. With palmitate-16-14C (Fig.   2B ), as with palmitate-1-'4C ( Fig. 1C and 2C ), only traces of'4C label incorporated into the other fatty acids were detected. However, in contrast to the palmitate-1-14C incorporation in a defined medium (Fig. 5C ), the palmitate-16-"4C was uniformly distributed into the various hydrocarbon groups (Fig. SB) . The fact that 81% of the 'IC label remained in the benzene-methanol extract (Table 2) , with a high percentage of incorporation into the various fractions and relatively little detectable 14CO2 released, suggests that the palmitate-16-14C has a more direct correlation to the biosynthesis of the extractable lipid components. The results also give evidence that the labeled compound, derived from palmitate-16-14C, that is incorporated into the hydrocarbons is different from the analogous labeled compound obtained from palmitate-1-"4C. The two compounds represent the opposite terminal ends of the palmitate molecule. The labeled moiety resulting from the palmitate-16-14C is also thought to be a compound consisting of more than two carbon atoms. In short, the data obtained with palmitate show that the two ends of the molecule are incorporated into the hydrocarbons. However, they are incorporated in different ways and at significantly different rates. The point of cleavage is probably not between carbons a and ,B, for the reasons previously adduced. It remains to be seen whether the molecule splits symmetrically or asymmetrically, and whether the size of these moieties has anything to do with the apparent fixed relationships (difference of 10 carbon atoms) between the fatty acid dyads and the hydrocarbon tetrads of S. lutea (13) .
The question has been raised as to the exact nature of some of the pigments in S. lutea (in preparation). Until the structure of the pigment is completely elucidated, the involvement of palmitate-16-'4C and palmitate-1-14C, as well as uniformly labeled L-leucine-14C and L-isoleucine-'4C, cannot be clearly evaluated, although the better incorporation of leucine (2.48%) over isoleucine (1.2%) is indicative of an isoprenoid structure for the pigment. In conclusion, it has been demonstrated that a number of common substrates can be incorporated into the saturated hydrocarbons of S. lutea. It is hoped that after complete elucidation of the exact structure of these olefins, studies with doubly labeled substrates (3H and 4C) may finally reveal the different steps involved in the biosynthesis of these hydrocarbons.
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